The electronic structure and magnetic properties of the compound 2H-NbS 2 intercalated by 3d elements from Cr to Ni, have been investigated using the KorringaKohn-Rostoker electronic structure method. Here, we consider the phases with 33% of intercalation within the ordered phase having a 3 3 × arrangement of the magnetic atoms. We analyze the relationship of the magnetic and electronic properties on the structural parameters dependent on the intercalant. The exchange coupling parameters calculated from first principles have been used for subsequent Monte Carlo simulations. Within these investigations, the FM order was found for the Cr and Mn intercalated phases as ground state configuration with a Curie temperature being in good agreement with the experiment. According to the Monte Carlo simulation, Fe 1/3 NbS 2 has a complicated noncollinear magnetic structure with a noncompensated total magnetic moment, whereas Co 1/3 NbS 2 and Ni 1/3 NbS 2 are found to be antiferromagnetic, all in line with experimental observations.
Introduction
The transition metal dichalcogenides (TMDC) have been extensively investigated for several decades because they exhibit a broad spectrum of interesting properties and therefore are promising candidates for various technological applications [1] [2] [3] . These properties of TMDCs are essentially determined by the quasi-2D character of their crystal structure, which may be considered as a periodic sequence of X-T-X triple layers (with T = transition metal and X = chalcogen atoms) characterized by strong intralayer covalent bonding. The X-T-X triple layers are weakly coupled to each other by van der Waals interlayer interactions and are separated by a wide space -the so-called van der Waals gap. Due to this feature, different types of atoms as well as molecules can be deposited within the van der Waals gap without significant changes of the positions of the TMDC atoms until the concentration of intercalated atoms reach a critical value. The intercalation leads, however, to pronounced changes of various physical properties and therefore can be used to tune the properties of these phases.
Although most TMDC materials are nonmagnetic, intercalation by magnetic 3d elements (see M, for example, in the review article [3] ), results in the formation of the materials M x TX 2 exhibiting a variety of magnetic properties, which depend both on the host system as well as on the intercalated atoms. Obviously, these magnetic properties depend on the concentration of magnetic atoms. Moreover, for some concentrations of the 3d element, namely, x = 0.25 and x = 0.33, the phases exhibit a trend to the formation of ordered compounds M 1/4 TX 2 and M 1/3 TX 2 , with a 2 × 2 and 3 3 × arrangement of the M atoms within the layers, respectively.
In the present work, we will focus on the compound 2H-NbS 2 intercalated with x = 0.33 magnetic 3d atoms. The Nb atoms in these materials have a trigonal prismatic coordination by the S atoms [4, 5] , whereas the 3d atoms occupy the octahedral sites and create a 3 3 × superstructure within the van der Waals gap. All phases under consideration have similar values of the lattice parameter a, whereas a large increase of the parameter c was found when going from Cr to Mn followed by a quick decrease toward Co [5] . This feature was discussed in the literature and was interpreted as a result of a change of the electrostatic interactions between the TMDC and 3d metal layers [4] , although there is no full understanding of the origin of this effect.
Experimentally, it was observed that Cr 1/3 NbS 2 is a metallic ferromagnet with a Cr magnetic moment of 2.9 μ B and with a Curie temperature T C = 163 K [6] or T C = 127 K [7] . Also, the formation of a long-period helimagnetic structure along the hexagonal c axis was reported for Cr 1/3 NbS 2 [8, 9] , which is governed by Dzyaloshinskii-Moriya interactions. In the case of Mn 1/3 NbS 2 , the transition to the FM state was observed at T C ≈ 40 K [10] or T C ≈ 53 K [11] . The compound Fe 1/3 NbS 2 , in contrast to Cr 1/3 NbS 2 and Mn 1/3 NbS 2 , exhibits antiferromagnetic ordering with the Nèel temperature reported to be T N = 47 K [12] or 44 K [13] . The analysis of magnetic neutron scattering data [14] as well as of 57 Fe Mössbauer spectra [12] suggests a collinear alignment of the Fe magnetic moments along the hexagonal c axis. Thus far, however, there are no theoretical investigations on the magnetic structure of this material. In Co 1/3 NbS 2 and Ni 1/3 NbS 2 , a transition to the AFM state occurs at 25 and 90 K, respectively [5] .
In the present work, we compare the magnetic properties of Cr 1/3 NbS 2 , Mn 1/3 NbS 2 , Fe 1/3 NbS 2 , Co 1/3 NbS 2 , and Ni 1/3 NbS 2 obtained within first-principles calculations and discuss the details of their electronic structure leading to different magnetic properties.
Results and discussion
The first-principles electronic structure calculations were performed using the fully relativistic Korringa-KohnRostoker Green function method [15, 16] within the framework of the local spin density approximation (LSDA) to density functional theory using the parameterization for the exchange and correlation potential as given by Vosko et al. [17] . Correlation effects going beyond the level of LSDA have been accounted for using the LDA + U scheme [18, 19] using the parameters U = 4.5 eV and J = 0.7 eV [20, 21] throughout for Fe. Concerning the double-counting part of the LDA + U functional, the so-called atomic limit expression was used. For the angular momentum expansion of the Green function, a cutoff of l max = 3 was applied.
The energy of magneto-crystalline anisotropy (MCA) at T = 0 K was calculated using first-principles calculations of the magnetic torque
acting on the magnetic moment î i i m me = at atomic site i and oriented along the direction of the total magnetization . M These calculations provide access to the constant K 1 describing the uniaxial magnetic anisotropy [22] .
To investigate the equilibrium magnetic structure as well as finite temperature magnetic properties of the compounds under consideration, Monte Carlo simulations have been performed, which are based on the Heisenberg model with the Hamiltonian 
∑ ∑
The exchange coupling parameters J ij , are calculated from first principles within the spin-polarized relativistic Korringa-Kohn-Rostoker calculations [23] , in which the exchange coupling has been restricted to its isotropic part.
In the present work, we have used structural information taken from experiments [6, 14, 24] , as presented in Table 1 . As it was pointed out in these works, the intercalated M x NbS 2 systems with M = Cr, Mn, Fe, Co, and Ni exhibit at x = 1/3 a 3 3 × superstructure within the M layers, leading to a well-defined ordered compound crystallizing in the space group P6 3 (2c) position (1/3, 2/3, 1/4) to be most probable [14] .
To investigate the magnetic properties of the 3d metalintercalated TMDC, electronic structure calculations have been performed for the FM state for all phases under consideration. Table 2 presents the spin magnetic moments of the M atoms in comparison with experimental results derived from measurements of the saturation magnetization [6, 7, 14] . The spin magnetic moments of Cr and Mn calculated within the LSDA are obviously in good agreement with the experimental data. The Fe spin moment [14] 5.757 11.867 Ni 1/3 NbS 2 [14] 5.750 11.879 [5] . To check this interpretation, the LSDA calculations for Co 1/3 NbS 2 have been performed using the structure parameters of Mn 1/3 NbS 2 , and this approach indeed led to the formation of a spontaneous spin magnetic moment on Co atoms of 1.97 μ B .
Following Friend et al. [4] , the variation of the c parameter was ascribed to a change in the electrostatic interaction between the intercalated 3d layer and the NbS 2 triple layer that should be accompanied by a corresponding charge transfer. Therefore, in Table 3 , we compare the electron density distribution in all M 1/3 NbS 2 compounds. Despite the fact that the values for the Wigner-Seitz radius for the corresponding atoms in these materials are slightly different, these data allow to see the trend for the charge transfer when going along the 3d period. To visualize this change in charge transfer, in Fig. 2 (circles) , we plot the deviation of the number of valence electrons in the intercalated 3d transition M atom from the number of valence electrons in the free M atom. For the case of Nb and S atoms, the deviations from the corresponding electron numbers in pure NbS 2 are shown by squares and diamonds, respectively. One can clearly see an excess of electrons in the Co and Ni intercalated layers in the cost of the electrons leaving the NbS 2 layers, and vice versa, a lack of electrons in the Cr, Mn, and Fe intercalated layers.
With the magnetism of Co 1/3 NbS 2 and Ni 1/3 NbS 2 determined experimentally, the difference with our results suggests that the LSDA approach does not properly describe the correlation effects in these materials. Therefore, the corresponding calculations have been performed to account for correlation effects within the LDA + U approach. As the proper value for the U parameter in these compounds is unknown, we have used in both cases U = 4.5 eV, which was used previously for Fe-intercalated TaS 2 [21] . This results in spontaneous spin magnetic moments on Co and Ni atoms ( Here, we do not discuss the origin of nonmonotonous behavior of c parameters in M 1/3 NbS 2 across the 3d row of the intercalating material M. It should only be noted that they can be attributed to a competition between the kinetic energy of the valence electrons and the Coulomb energy, varying from one type of intercalating atom to another. We recently discussed [26] a similar competition mechanism for another layered material, i.e. Li-intercalated Cr 2 Ti 3 Se 8 , in which this resulted in a nonmonotonous change of magnetization upon the change of Li concentration.
The total spin projected DOS, n(E) for the systems investigated are presented in Fig. 3 . The DOS of the majority-spin states at the Fermi energy E F is rather large for all compounds. In the case of minority-spin states of Cr 1/3 NbS 2 and Mn 1/3 NbS 2 a 'pseudogap' occurs between the occupied and unoccupied states with a finite but small DOS at the Fermi level. All other compounds have a finite DOS for the d states of both spin directions.
In the last column of Table 2 , results for the MCA are shown that were calculated for the FM-ordered M 1/3 NbS 2 systems for T = 0 K. These results imply a uniaxial easy plane anisotropy in the case of Cr 1/3 NbS 2 and Mn 1/3 NbS 2 , and an easy axis along the c axis in the case of Fe 1/3 NbS 2 , fully in line with experiment. Note also that the magnitude of the MCA in the former cases is much smaller than in the latter one. This can be easily understood by analyzing the electronic structure in detail. For the case of Fe 1/3 NbS 2 , the band with minority spin d character is rather narrow and is located at the Fermi level. This results in a significant contribution to the energy ~w −1 due to spin-orbit coupling (SOC) splitting of the states having the same spin direction, with w being the bandwidth. This leads to a preferable magnetization direction along the hexagonal c axis (see, e.g. the discussions by Wu et al. [27] ). In the case of Cr 1/3 NbS 2 and Mn 1/3 NbS 2 , the Fermi level is positioned between the spin-up and spindown d bands of Cr and Mn, respectively. This results in a significant SOC-induced energy gain associated with the states having opposite spin directions, which competes with the spin-diagonal part of the energy. Using the average exchange splitting Δ ex for the Cr (Mn) d states, the SOC-induced energy gain for the in-plane orientation of the magnetic moment is ~1 ex , ∆ − which is comparable to the energy gain for M oriented along c and ~1 up . w − As is shown in Table 2 , for these two compounds, these lead to an easy plane MCA. The competition of two contributions to the MCA energy results in a smaller magnitude of the MCA of Cr 1/3 NbS 2 and Mn 1/3 NbS 2 when compared with Fe 1/3 NbS 2 . 
Compound

MC Experiment
Cr 1/3 NbS 2 [6] 115 (FM) 127 [7] (FM) Mn 1/3 NbS 2 [14] 56 (FM) 40 [10] , 44 [11] (FM) Fe 1/3 NbS 2 [14] 63 (AFM) 47 [12] , 44 [13] (AFM) Co 1/3 NbS 2 [14] 35 (AFM) 24 [4] (AFM) Ni 1/3 NbS 2 [14] 86 ( AFM ordering in these phases. However, in the cases with the hexagonal crystal structure, a frustrated magnetic structure can occur. In Ni 1/3 NbS 2 , the exchange interaction is more complicated. Therefore, to find the equilibrium magnetic structure, the MC simulations have been performed. The calculated isotropic exchange parameters and the uniaxial anisotropy constant K 1 have been used as input for the MC simulations. The calculated critical temperatures are listed in Table 4 in comparison with the experimental results. The FM order has been obtained from simulations in the case of Cr 1/3 NbS 2 and Mn 1/3 NbS 2 in line with experiments [7] , and with a reasonable agreement between theoretical and experimental Curie temperatures.
In the case of Fe 1/3 NbS 2 , the isotropic exchange interactions within the first-and second-neighbor shells are negative, implying an antiparallel alignment of the spin magnetic moments. However, due to the hexagonal crystal structure, a competition of the AFM interactions between the neighboring atoms results in a frustrated noncollinear magnetic structure. Figure 5a presents the magnetic structure obtained within the MC simulations (T = 1 K). This contradicts the experimental findings [12, 14] of a collinear ferrimagnetic structure for Fe 1/3 NbS 2 .
A reason for this discrepancy may be the magnetic anisotropy along the hexagonal c axis, which has not been taken into account within the calculations shown in Fig. 5a and c. According to the MC simulations and with a strong MCA with K 1 = 4 meV per Fe atom imposed, the magnetic moments are almost perfectly aligned along the c axis, as shown in Fig. 5e .
The magnetic structure shown in Fig. 5e with the socalled ordering of the third kind [28] , is in full agreement with experiment. This implies an antiferromagnetic ordering of each Fe atom with its 12 neighbors such that 4 of them have their magnetic moments in the same direction and the other 8 atoms in the opposite direction, as a result of the competition of their AFM exchange coupling and uniaxial MCA along the c axis.
For Co 1/3 NbS 2 and Ni 1/3 NbS 2 , MC simulations have demonstrated a transition to the AFM state with a fully compensated total spin magnetic moment. However, the agreement of the theoretical critical (Nèel) temperature with the experimental result is similar with the other compounds. This is attributed to the more itinerant characteristic of the d electrons as discussed previously. As a result, the Heisenberg model cannot suitably reproduce the finite temperature magnetic properties for these compounds.
In the case of Co 1/3 NbS 2 , the exchange interactions within the first two neighbor shells (Fig. 4d ) look similar to those of Fe 1/3 NbS 2 . The difference occurs for the exchange interactions at longer distances that lead to the difference in the magnetic structure. The magnetic ordering obtained within MC simulations is antiferromagnetic both within the Co layers as well as between layers, as it can be seen in Fig. 5b and d . In agreement with experiments [29, 30] , the magnetic supercell is three times as large as the crystallographic unit cell.
In the case of Ni 1/3 NbS 2 , the first-neighbor exchange interactions characterizing intralayer coupling of the spin magnetic moment are ferromagnetic. As one can see in Fig. 5f , this leads to the FM order within the Ni layers. However, a layered AFM structure occurs due to negative second-and third-neighbor interactions between the atoms corresponding to the neighboring layers.
Conclusions
In summary, first-principles calculations of the spinpolarized electronic structure, MCA energy, and exchange coupling parameters have been performed for 3d element-intercalated NbS 2 . The FM interactions in Cr 1/3 NbS 2 and Mn 1/3 NbS 2 result in FM ground states. In the case of Fe 1/3 NbS 2 , a noncollinear magnetic structure was found in the present calculations when the MCA was neglected. However, a strong MCA along the hexagonal c axis leads to a magnetic structure referred to as an ordering of the third kind, being a consequence of a modification of the frustrated noncollinear magnetic structure in the presence of strong MCA. As it follows from calculations, Co 1/3 NbS 2 and Ni 1/3 NbS 2 exhibit an AFM ground state. All calculated results are in good agreement with the experiment.
